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Abstract
Stereo-matching solutions minimize disparity relative to the horopter (minimum-absolute-disparity or MAD), and diﬀerences in
disparity between adjacent features (minimum-relative-disparity or MRD). When placed in conﬂict, spatial proximity promotes
MRD over MAD solutions. How does temporal proximity of neighboring features aﬀect strength of these spatial interactions?
We quantiﬁed the inter-stimulus interval (ISI) over which an unambiguous disparity pattern inﬂuenced stereo-matches for
patterns with several possible solutions. Likelihood of MRD decreased as ISI increased (48.9ms time constant) and increased as
contrast was reduced for short ISIs, suggesting that monocular persistence (temporal impulse response) underlies the temporal
interaction.
 2004 Elsevier Ltd. All rights reserved.
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Stereopsis is the perceptual reconstruction of 3-
dimensional space from binocular diﬀerences between
two-dimensional retinal images (Wheatstone, 1838).
Many natural scenes, such as tree foliage, have several
possible stereo-matching solutions. Many constraints
that help solve the correspondence problem have been
proposed, including the nearest-neighbor matching con-
straint (Arditi, Kaufman, & Movshon, 1981) that
minimizes disparity relative to the horopter (i.e. mini-
mum-absolute-disparity matching solution), and the
smoothness constraint (Burt & Julesz, 1980; McKee &
Mitchison, 1988; Mitchison & McKee, 1987; Papatho-
mas & Julesz, 1989; Petrov, 2002; Pollard, Mayhew, &0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.07.024
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E-mail address: schor@socrates.berkeley.edu (C.M. Schor).Frisby, 1985) that minimizes diﬀerences in the disparities
between adjacent features (i.e. minimum-relative-dispar-
ity matching solution). When stereo matches are ambig-
uous, such as in a pattern that has multiple disparity
solutions, spatial interactions between adjacent stimuli
can bias the outcome toward the minimum-relative-dis-
parity solution (McKee & Mitchison, 1988; Petrov,
2002). These spatial interactions generally work to pro-
mote smooth solutions and they operate robustly in sta-
tic scenes (Papathomas & Julesz, 1989).
Under special circumstances, the minimum-relative-
disparity solution may be placed in conﬂict with the
minimum-absolute-disparity solution. When the match
for a central patch is ambiguous, adjacent patches
can pull the matching solution toward minimum-
relative-disparity. This bias for minimum-relative-dis-
parity decreases as the adjacent patches are moved
apart (Zhang, Edwards, & Schor, 2001). How is this
conﬂict resolved in dynamic scenes, where adjacent
stimuli appear at diﬀerent times and remain visible
for diﬀerent durations?
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determining the stereo-matching situation, and will
likely aﬀect the role that spatial interactions play in solv-
ing the correspondence problem. These temporal factors
may operate at the level of the monocular image or they
may operate on binocular representation of images,
prior to solving the correspondence problem.
The current study focused on the inﬂuence of tempo-
ral factors on binocular spatial interactions in the
stereo-matching process. As in our prior study (Zhang
et al., 2001), Gabor patches were used as an ambiguous
test stimulus because their carriers have multiple match-
ing solutions and the resulting depth percepts are in
opposite directions. However, instead of viewing the
Gabor patches simultaneously, the patches were pre-
sented sequentially, with a variable inter-stimulus inter-
val between them. We performed two experiments;
Experiment I examined the eﬀects of temporal delays
on the spatial interactions that inﬂuence the preference
for the minimum-relative-disparity solution. Experiment
I established a time constant that quantiﬁed the rate at
which the minimum-relative-disparity solution dimin-
ished and was replaced by the minimum-absolute-dis-
parity solution as time delay between sequential
stimuli increased. We considered the possibility that per-
sistence of either monocular images or the early stages
of binocular image processing might aﬀect spatial inter-
actions. In Experiment II we manipulated the contrast
of sequentially presented targets and found evidence
that supports the temporal extension of spatial interac-
tions by the monocular temporal impulse response
function.Fig. 1. Illustrates the test Gabor and RDS inducer stimuli. The RDS
(top panel) and the Gabor (middle panel) have the same physical
disparity as presented in the bottom panel. When crossed fused, the
RDS has a crossed disparity solution while the isolated Gabor has an
uncrossed disparity solution (minimum-absolute-disparity solution).
However, when they are combined together, as shown in the bottom
panel, the center Gabor appears to be nearer than the ﬂank RDS
(minimum-relative-disparity solution). Note that the disparities of the
envelopes for the Gabor and RDS patterns equal the minimum-
absolute-disparity of their respective carriers.2. General methods
2.1. Observers
Three of the authors (ZZ, TG and CS) served as
observers. All observers had normal visual acuity and
stereopsis (as measured by a Randot StereotestTM) when
corrected with spectacles and no history of any binocu-
lar visual disorders.
2.2. Apparatus
The stimuli were displayed on a 20-in. monochrome
monitor (Monoray Model M20ECD5RE, Clinton Elec-
tronics, IL, USA) at 120Hz non-interlaced frame rate
with 1024 · 768 pixels resolution. This monitor has a
fast DP 104 phosphor that decays to 0.1% of the peak
value in 0.6ms. The fast phosphor decay is critical for
minimizing the cross-talk between images presented to
left and right eyes since we use shutter glasses (Cam-
bridge Research Systems, Kent, England) to create the
dichoptic stimulus. Video images were controlled usingvisual stimulus generators (VSG) 2/3 graphics card
(Cambridge Research Systems, Kent, England) in a host
Pentium computer. A chin rest was used to stabilize the
observers head.
2.3. Spatial conﬁguration of stimulus and experimental
rationale
In Experiment I, the stimulus consisted of three ver-
tically oﬀset patterns. The center pattern (test) was a
one-dimensional luminance Gabor function and the
ﬂanking pattern (inducer) consisted of two random-
dot stereograms (RDS) modulated by a 1-D Gaussian
window. In Experiment II, both the test and inducer
were Gabor functions. Horizontal disparities of the test
patch were produced by equal and opposite horizontal
image displacements in the two eyes (i.e. both the enve-
lope and the carrier are shifted). The disparity is
quantiﬁed in terms of phase of the 1cpd carrier of the
Gabor patch. The stimulus conﬁguration is illustrated
in Fig. 1. The top and center panels illustrate the
isolated RDS and Gabor patches that have exactly the
same absolute disparity as in the combined ﬂank and
center, respectively, in the bottom panel. When cross-
fused, the isolated central Gabor (center panel) is
perceived with an uncrossed disparity (behind ﬁxation)
and the ﬂanking RDS patterns (top panel) are perceived
with crossed disparity (in front of ﬁxation). When these
two patterns are combined in crossed fusion, the same
center Gabor appears to be in front of the crossed dis-
parity ﬂanks. This change in depth of the test Gabor
pattern is due to binocular spatial interactions between
disparities subtended by the RDS and the Gabor pat-
tern. This spatial interaction results in a binocular match
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and RDS patterns than the relative-disparity that would
have resulted from the minimum-absolute-disparity
solution. This example illustrates that the Gabor carrier
has a minimum-absolute-disparity matching solution
when it is presented alone, while it has a minimum-rela-
tive-disparity solution (but a larger absolute-disparity
matching solution) when it is adjacent to the ﬂanking in-
ducer disparity stimulus.
The minimum-absolute-disparity of the center Gabor
and ﬂanking RDS patterns always had opposite signs.
We used a range of test disparities of the Gabor with
a ﬁxed ﬂank disparity. An example of the absolute dis-
parities for two matching solutions of the Gabor carrier
are shown in Fig. 2A and the corresponding relative-dis-
parities between the ﬂank and Gabor are shown in Fig.
2B. Fig. 2A illustrates for the Gabor carrier an arbitrary
minimum-absolute-disparity (+135, uncrossed) and the
next largest possible disparity (225, crossed). These
two matches diﬀer by 360. Positive and negative values
correspond to uncrossed and crossed disparities,
respectively.
The minimum-relative-disparity between the ﬂank
and Gabor equals (Gabor disparity––Flank disparity).
Fig. 2B illustrates that when the ﬂank has an absolute-
disparity of 135, that the relative disparity between
the ﬂank and Gabor carrier is either 90 or +270
where positive and negative correspond to crossed and
uncrossed disparities of the Gabor relative to the ﬂank.
The minimum-absolute-disparity and minimum-rela-Fig. 2. The stimulus conﬁguration and the rationale for interpreting the resul
is the plan view of the stimulus conﬁguration and two possible relative-dispar
that illustrates the principle. The thick black bar in (B, C) represents the ﬂa
binocular matches of the center test Gabor pattern. The RDS patterns had a
uncrossed (minimum-absolute-disparity, dark luminance bar in B) or a cro
solution. The likelihood of a minimum-relative-disparity match for the Gab
pattern. The phase disparity of the RDS was ﬁxed at 135 (22.5 0) during the
The gray area is the phase disparity range of the center Gabor that was vartive-disparity matching solutions for the Gabor carrier
always have opposite signs relative to the RDS. As illus-
trated in Fig. 2B the disparity of the ﬂank was made
small enough (135) so that the minimum-absolute-dis-
parity and minimum-relative-disparity solutions for the
Gabor carrier also had opposite directions from the ﬁx-
ation plane. Our prior study illustrated that ﬂank dispar-
ities smaller than 135 did not produce suﬃcient spatial
interaction with the Gabor patch for the minimum-
relative-disparity solution to over-ride the minimum-
absolute-disparity solution.
Fig. 2C is a phase plot of both the absolute and rela-
tive disparities of the RDS ﬂank and center Gabor illus-
trated in Fig. 2B. The counterclockwise arrows in the
polar phase plot (Fig. 2C) represent uncrossed (positive)
disparities and the clockwise arrows represent crossed
(negative) disparities. The RDS patterns have one
unambiguous matching solution, while two disparities
matches are shown for the Gabor test pattern. The thin
solid black arrow represents +135 and the thin dashed
black arrow represents 225 absolute disparities of the
Gabor carrier. Two relative-disparities result from dif-
ferences between the absolute disparities of the ﬂank
and Gabor. The thick solid black arrow represents the
minimum-relative disparity (90), and the thick solid
gray arrow represents the next-largest relative-disparity
(+270). In Experiment I, we ﬁxed the minimum-abso-
lute-disparity of the ﬂank pattern at 22.5 0 disparity (cor-
responding to 135 phase disparity at 1cpd) and varied
the disparity of the center Gabor, as shown in the grayts. (A) illustrates two matching solutions for the test Gabor carrier. (B)
ity relations result from the two matching solutions. (C) is a polar plot
nking RDS patterns and the modulated luminance bars represent two
n unambiguous matching solution and the Gabor carrier had either an
ssed (minimum-relative-disparity, gray luminance bar in B) matching
or depends on the disparity relation between the Gabor and the RDS
experiment and minimum-absolute-disparity of the Gabor was varied.
ied to estimate the PSE.
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ity (PSE) where the likelihood of the two matching solu-
tions is equal. For convenience, we refer the disparity of
the RDS in units of the equivalent phase disparity of the
1cpd carrier spatial frequency of the center Gabor. In all
the conditions, the center and ﬂank stimuli had the same
width and height. The standard deviation of the hori-
zontal Gaussian envelope was 2.5. The height was 1.
The disparity of the envelope equaled the minimum-
absolute-disparity of the carrier. The vertical separation
between the Gabor and RDS patterns (adjacent edge-to-
edge separation) was 0.5. The viewing distance was 57
cm and the mean luminance of the display when viewed
through our apparatus was 3.4cd/m2 and the contrast
was 50%.
2.4. Temporal conﬁguration of stimulus and procedure
Throughout the stimulus presentation, the observer
maintained binocular ﬁxation on a central cross with
two vertical nonius lines presented above and below it.
The observer initiated the presentation of the test stim-
ulus with a button press after the nonius lines were per-
ceived to be aligned. After initiation, the ﬂank and
center patterns were presented sequentially. First, the
ﬂank patches became visible, then an ISI of variable
length (0–200ms) occurred and was followed by the test
patch. The ﬂank and center patterns were always pre-
sented for a duration of 166.7ms. The observers indi-
cated via mouse click the perceived depth direction of
the center Gabor to identify the matching solution.
Each experimental session began with 10–20 practice
trials. In each trial, the sign of the 135 phase disparity
of the ﬂank pattern was randomly set to be either
crossed or uncrossed. The disparity of the center Gabor,
speciﬁed in terms of the minimum-absolute-disparity,
was always in a direction opposite to that of the ﬂank
pattern. After the stimuli disappeared, the ﬁxation cross
and nonius lines reappeared. The observer made a 2
alternative forced choice (2AFC) indicating the per-
ceived depth direction of the center Gabor relative to
the ﬁxation point (‘‘near’’ vs. ‘‘far’’), corresponding to
either minimum-absolute-disparity match or minimum-
relative-disparity match. We used the method of con-
stant stimuli to estimate the PSE where the likelihood
of minimum-absolute-disparity matching solution and
minimum-relative-disparity matching solution was
equal.3. Experiment I: Time constant for binocular spatial
interactions
Observers choose between two stereo-matching
solutions, one consistent with the minimum-absolute-
disparity rule and the other consistent with theminimum-relative-disparity rule. We investigated the ef-
fect of varying the temporal proximity of the two stimuli
on the strength of the binocular spatial interactions that
determine the stereo-matching solution. We predict that
spatial interactions decline with temporal decay, causing
the likelihood of a minimum-relative-disparity matching
solution of the center Gabor to decrease with increasing
ISI.
3.1. Methods
The ﬂanking patterns (inducers) were two RDS pat-
terns. The ﬂanks were presented ﬁrst, and these were fol-
lowed by the center Gabor test pattern, with a temporal
delay between them (ISI), to evaluate the time over
which the disparity of RDS aﬀects the stereo-matching
solution of center Gabor pattern. The temporal delay
(ISI) equaled the time from the oﬀset of the RDS to
the onset of the Gabor (0, 16.7, 33.3, 66.7, 133.3, and
200ms).
3.2. Results
The observers responses for the perceived depth of
the center Gabor (test) were recorded, and from them
a psychometric function was computed for each tempo-
ral delay condition (ISI). Each psychometric function
describes the likelihood of a ‘‘minimum-relative-
disparity’’ match as a function of the minimum-abso-
lute-disparity of the Gabor (test) patch. The plots were
ﬁtted with a cumulative Gaussian to quantify the
maximum-likelihood estimates of threshold and PSE
for each ISI. The threshold is a measure of the sensitivity
to depth diﬀerences between the two stereo-matching
solutions. The threshold equaled the standard deviation
of the best-ﬁtting curve, and was quantiﬁed as half of
the diﬀerence between the values of the independent
variable, corresponding to 16% and 84% of the near
response (d 0 = 1). The PSE is the center Gabors phase
disparity at which the likelihood of minimum-abso-
lute-disparity and minimum-relative-disparity matching
solutions are equal when the phase disparity of the
RDS pattern was set to 135. Standard errors of PSEs
were estimated by performing Monte–Carlo simulations
on the data sets. PSEs, expressed in units of phase dis-
parity of the Gabors carrier (minimum-absolute-dispar-
ity), are plotted in Fig. 3 as a function of the temporal
delay between the inducer (RDS pattern) and test
(Gabor pattern). Note that the signs of PSEs are ignored
and only the magnitudes are presented. Also note the in-
verted vertical scale for Gabor phase disparity.
In this study, the minimum-absolute-disparity
(MAD) and minimum-relative-disparities (MRD) were
put into conﬂict and a PSE was found where the two
solutions had equal likelihood. The MAD and MRD
are related by the following equation where
TKoKE
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TG 180.47 21.04  47.4 
CS 187.17 51.54  67.4  
Table 1
Subject
(A) (B)
Fig. 4. (A) Illustrates the parameters in the exponential temporal
decay function. K0 represents the PSE without the presence of inducer.
KE represents the increase of PSE measured with the inducer. T is the
time constant at which KE has decreased by 63%. (B) Values of the
parameters for the exponential ﬁt. K0 was around 180 phase disparity,
the time constant T was less than 50ms on average.
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Fig. 3. PSE is plotted as a function of the temporal delay between the oﬀset of the RDS pattern and the onset of the Gabor pattern for three subjects.
Data for one subject (A) is shown along with the psychometric function ﬁts used to derive PSEs for 3 of those points. Each of the points on the curves
is derived from a psychometric function. The same measurements for the other two subjects are displayed in (B, C). PSE is plotted as an absolute
value without the disparity sign. PSE increased with the temporal delay, suggesting that the interaction between the RDS and Gabor pattern
weakened as the temporal delay increased. The solid line is the exponential temporal decay function ﬁt to the PSEs. The horizontal dashed line is the
theoretical PSE for an unbiased observer at long temporal delays, where there is no eﬀect of the minimum-relative-disparity matching solution.
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PSE equals the MAD at which MAD and MRD have
equal probability. A small PSE corresponds to a small
MAD and a large MRD. We assume that the strength
of spatial interactions is proportional to MRD so that
as PSE increases, the strength of spatial interactions
decreases.
We expected to ﬁnd the smallest PSE at 0ms ISI.
When ISI is long enough, there would be no inﬂuence
of the RDS on stereo matches for the Gabor patch,
and we expected that the PSE would be approximately
180 (horizontal dashed lines in Fig. 3). In this case
MAD equals 180. This match could also be inﬂuenced
by the disparity of the Gabor envelope and idiosyncratic
subject bias.
Fig. 3 illustrates how the PSE increased with ISI.
These results indicate that the longer the temporal delay
between the inducer and test, the less eﬀect the inducer
(RDS pattern) had on the matching solution for the test
(Gabor pattern). Thresholds (29.2 ± 2.1, 30.7 ± 3.4,
35.4 ± 4.8) for discrimination were independent of
temporal delay, indicating that noise sources responsiblefor depth discrimination thresholds were unaﬀected by
temporal delay.
The plot of PSE and temporal delay was ﬁt with an
exponential decay function (Fig. 4A). Parameters
describing the temporal exponential function for each
subject are shown in the table in Fig. 4B. K0 represents
3188 Z.-L. Zhang et al. / Vision Research 44 (2004) 3183–3192phase disparity of the Gabor patch at which the subject
has 50% probability of obtaining a minimum-absolute-
disparity matching solution (PSE) without the inducer.
KE represents the diﬀerence between PSE measured with
the inducer and without the inducer. T is the time con-
stant over which PSE decreased by 63% of KE. It esti-
mates the temporal interval for spatial interactions
between adjacent stimuli over which the minimum-rela-
tive-disparity solution for binocular matches is induced
by the RDS ﬂanks.
If that there was no bias for disparity direction then K0
would have a phase disparity of 180when the twomatch-
ing solutions have equal probability. Indeed, values of K0
were approximately 180 phase disparity. This value varies
depending on the subjects sensitivity to the Gabor enve-
lope disparity and individual bias for disparity direction.
KE ranged from 21 to 52, indicating the individual sensi-
tivity diﬀerence to the spatial interaction. Decay time con-
stants (T) ranged from 31.8 to 67.4ms. CS demonstrated
the strongest spatial interactions yielding minimum-rela-
tive-disparity solutions that persisted over the longest time
delays (67.4ms). TG had the least spatial interaction but
had a longer temporal interaction range than ZZ. These
results show that the spatial interaction that aﬀects the dis-
parity matching solution of the center Gabor decays rap-
idly and on average 63% of interaction is limited to a
small temporal window that is less than 50ms.
3.3. Discussion
Experiment I quantiﬁed the temporal range of spatial
interactions that can promote the minimum-relative-
disparity solution in ambiguous disparity stimuli. The
strength of the spatial interactions clearly increases with
temporal proximity between patches: for each of our
subjects, interactions were strongest for sequential pres-
entations of 0 ISI and became progressively weaker as
ISI increased, decaying with time constants in the range
of 31.8–67.4ms. These time constants correspond to a
threshold temporal window for the spatial interactions.
Visual inspection of the data suggests that the binocular
spatial interactions expire completely after 133ms.
Experiment I has shown that when targets are presented
close enough in time, the spatial interactions will pro-
mote the minimum-relative-disparity solution in prefer-
ence to the minimum-absolute-disparity solution.
It is possible that relative-disparities between adja-
cent targets are sensed by detectors that require simulta-
neous inputs, and that the spatial interactions between
asynchronously presented targets could result from tem-
poral properties of image processing. For example, the
temporal interaction could be attributed to monocular
stimulus persistence. The most obvious source of this
persistence would be monocular temporal integration,
often described as a temporal impulse response function
(IRF). Indeed, the range of time constants in our exper-iment fall well within the range of commonly reported
temporal impulse response durations (Fredericksen &
Hess, 1998; Ikeda, 1965; Watson, 1986). We tested this
hypothesis in Experiment II.4. Experiment II: Contrast eﬀects on spatio-temporal
interactions
Spatial interactions promoting the minimum-relative-
disparity solution are strongest when the stimuli are
presented with 0 ISI and their strength decays as ISI is
increased. If the spatial interaction we have observed
in the sequential presentation is due to monocular
persistence of the inducing stimulus, then the strength
of spatial interactions should also be tied to the duration
of this persistence. When there is greater persistence, we
would expect greater spatial interaction, because neural
impressions of the adjacent stimuli would have a greater
temporal overlap, and when there is less persistence, we
would expect reduced spatial interaction.
To test this prediction, we exploited some non-linear
properties of the temporal impulse response function in
order to manipulate the persistence of the stimuli. At
high stimulus contrasts, the temporal impulse response
is more transient, or compressed, than at low stimulus
contrasts (Stromeyer & Martini, 2003). The response be-
comes briefer in time, presumably as a form of contrast
gain control, because high-energy stimuli need not be
integrated for as long as a low contrast stimuli. This
observation suggests that lowering the contrast of both
the test and inducer will result in a lengthening of the
temporal impulse response, and this will increase the
persistence of the stimuli. Greater persistence would pre-
dict greater spatial interactions for low contrast stimuli
compared to high contrast stimuli. This contrast eﬀect
would occur at lower ISIs, where increasing persistence
would increase temporal overlap. However, at higher
ISIs, such as 133ms, an increase in persistence resulting
from lowering contrast would be insuﬃcient to bridge
the temporal gap between the sequentially presented
patterns, and thus the spatial interactions would exhibit
little contrast dependence. This relationship is illustrated
in Fig. 5. The putative IRFs for low contrast stimuli pre-
sented with 0ms ISI have more temporal overlap
(shaded area) than those of high contrast stimuli at
the same ISI. However, at the larger temporal delay
(133ms ISI), there is very little overlap for the IRFs
regardless of the contrast level. We predict that the
amount of temporal interaction will increase with the
amount of the overlap in the IRFs.4.1. Methods
The eﬀect of contrast on spatio-temporal interactions
was examined at two diﬀerent ISIs (0ms and 133.3ms).
0ms ISI 133.3ms ISI
Both high
contrast
Both low
contrast
Time Time
Flank IRF
Center IRF
Fig. 5. This illustration depicts the putative eﬀect of persistence on the interaction between relative and absolute-disparity information over time. The
solid lines represent the temporal impulse response of the ﬂank Gabor (inducer). The dashed line represents the temporal impulse response of the
center Gabor (test). Note that persistence (the width of the function) is greater in the depiction of for low contrast. The overlap (gray area) between
the two functions represents the availability or strength of a raw relative-disparity signal computed from the absolute-disparity of test and inducer.
The eﬀects of the increase in persistence at low contrast are signiﬁcant at small (0ms) ISI, and less signiﬁcant at larger (133ms) ISI. This diagram
illustrates how a purely monocular eﬀect of equal changes in the contrast of the test and ﬂank might aﬀect the likelihood of the minimum-relative-
disparity solution, independent of memory or persistence of any binocular representation.
Z.-L. Zhang et al. / Vision Research 44 (2004) 3183–3192 3189We chose these conditions because in Experiment I the
temporal interaction for all subjects was strongest at
0ms ISI and stopped after 133ms. This was conﬁrmed
by noting that from 133ms ISI to 200ms ISI there was
no signiﬁcant change in the PSE for any of our subjects
(see Fig. 3). Testing the eﬀects of contrast at the 0ms ISI
allows us to distinguish between whether decreasing
stimulus contrast will increase the strength of the inter-
actions. Testing the eﬀects of contrast at the 133ms ISI
allows us to distinguish between whether the contrast ef-
fect is a bias in the PSE (i.e. K0, see Fig. 4) that is inde-
pendent of temporal interaction or whether the contrast
eﬀect occurs only when there is temporal interaction. Be-
cause our model only predicts an ordinal relationship
between the strength of the temporal interaction and
the IRF overlap, we did not attempt to distinguish the
eﬀects of contrast on time constant (T) and scaled inter-
action (KE).
We quantiﬁed the eﬀects on the PSE of a large, uni-
form reduction in the contrast of the stimuli in each of
the two ISI conditions. Both the ﬂank and center
patches contained Gabor patterns because the IRF is
known to depend on stimulus spatial frequency and
we wanted the IRFs for the ﬂank and center patches
to be as similar as possible. In the high contrast condi-
tion both the ﬂank and the center patches were set to
100% contrast, and in the low contrast condition both
the ﬂank and center patches were set to 15% contrast.
The background luminance of the display was 3.4cd/m2.
As illustrated in Fig. 5, the overlap of IRFs between
two sequentially presented stimuli varies with contrast
and ISI. Our hypothesis makes two speciﬁc predictions
for Experiment II. First, when the ISI is small (0ms),the likelihood of a minimum-relative-disparity matching
solution of the center Gabor should be higher for the
low contrast than the high contrast condition. Second,
the increase in spatial interaction (decrease in PSE) in
the low contrast condition should be smaller for the
133.3ms ISI condition than for the 0ms ISI condition.
Of course, as in Experiment I, we also expect an overall
decrease in spatial interaction at the larger ISI compared
to the short ISI conditions when contrast in both condi-
tions is equal.
4.2. Results
The data analysis was the same as in Experiment I.
PSEs for 0ms ISI and 133.3ms ISI for the two contrast
levels are plotted in Fig. 6. At 0ms ISI, all three subjects
showed an increased PSEs at 100% contrast relative to
their PSEs measured at 15% contrast. A smaller PSE
represents a stronger spatial interaction that pro-
motes the minimum-relative-disparity solution. In the
133.3ms ISI conditions, PSEs were similar at both con-
trast levels, showing little eﬀect of contrast. Both results
agree with the predictions of the IRF hypothesis. PSE
was also smaller at 0ms than 133.3ms for the same con-
trast level, which is in agreement with the pattern of re-
sults in Experiment I.5. Summary
The carrier of a Gabor patch has ambiguous (multi-
ple) stereo-matching solutions, which diﬀer by 360 de-
grees of phase angle. When the Gabor is viewed alone,
ISI (ms)
ZZ
120
140
160
180
200
0 133.3
PS
E 
(ph
as
e d
eg
)
120
140
160
180
200
CS
100%
15%
120
140
160
180
200
TG
0 133.3 0 133.3
Contrast
Fig. 6. The PSEs for three subjects are charted to compare the strength of spatial interaction at the high (100%) and low (15%) contrast levels, at
short (0ms) and long (133ms) ISIs. For all subjects in the 0ms ISI conditions, spatial interaction is lower (PSEs are bigger) for the 100–100% contrast
conﬁguration than for the 15–15% contrast conﬁguration, as would be predicted if IRF compression caused a reduction in persistence for high
contrast stimuli. In the 133ms ISI condition, the diﬀerence in PSE between 100% and 15% contrast level is much smaller compared to the diﬀerence at
0ms ISI, as would be predicted if the reduction in persistence caused by IRF compression did not signiﬁcantly bridge the large temporal separation
(133ms ISI).
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ing the absolute-disparity of the carrier (minimum-abso-
lute-disparity solution). However, when a pair of
ﬂanking patches is presented around the Gabor, the vis-
ual system minimizes the relative-disparity between the
adjacent patches (minimum-relative-disparity solution)
(Zhang et al., 2001). When these two solutions are
placed in competition, and the depth of the unambigu-
ous ﬂank is moved closer to one of the possible stereo
matches of the center Gabor, the likelihood of a mini-
mum-relative-disparity solution increases.
In order to investigate the temporal aspects of this
spatial interaction, we arranged a pair of RDS patches
so that they ﬂanked a center Gabor patch. We set the
phase disparity of this RDS to 135, and varied the
phase disparity of the carrier of the Gabor patch. This
produced a measure of the PSE for the two stereo-
matching solutions over a range of temporal delays
(ISIs), providing a measure of the strength of the binoc-
ular spatial interaction for each ISI. The PSE increased
with temporal delay, indicating that the eﬀect of the
RDS on the minimum-relative-disparity solution was
reduced as the ISI increased. An exponential decay func-
tion was ﬁt to the plot of PSE as a function of temporal
delay, and decay time constants ranged from 31.8 to
67.4ms (48.9ms average), demonstrating a limited
temporal window over which the minimum-relative-dis-
parity solution (smoothness constraint) for binocular
matches was more likely than a minimum-absolute-dis-
parity solution.
In Experiment II, we looked at the eﬀect of contrast
on these spatial interactions at two ISIs (0ms and
133.3ms). These ISIs corresponded to the temporal de-
lays in Experiment I that produced a maximum and a
low spatial interaction. We used identical Gabor patches
for the inducer and test stimuli to produce the same
changes in impulse response with contrast reduction.The ﬂank and center were both Gabors to produce the
same IRF for the inducer and test. We compared the
strength of binocular spatial interactions, as indicated
by the minimum-relative-disparity solution, at two con-
trast levels (100% and 15%). As in Experiment I, we set
the phase disparity of the inducer (ﬂank) to 135 and
varied the phase disparity of the carrier of the Gabor
patch. At 0ms ISI, the low contrast stimuli produced a
PSE that was lower than that produced at high contrast,
indicating a stronger spatial interaction for low contrast
stimuli. At 133.3ms ISI, the change in contrast did not
produce a signiﬁcant change in the strength of the
interaction.6. General discussion
Previous psychophysical studies have demonstrated
that spatial interactions between binocular stimuli can
promote the minimum-relative-disparity matching solu-
tion between adjacent targets or a patterns surface tex-
ture and its edges (Mitchison & McKee, 1985; Wurger &
Landy, 1989; Zhang et al., 2001). This study investigated
the temporal limits of spatial interactions that promote
the minimum-relative-disparity solution. We varied the
delay between two binocular targets presented sequen-
tially. The eﬀect of ISI was to weaken spatial interac-
tions that promote the minimum-relative-disparity
matching solution. We are unaware of prior studies of
temporal interactions aﬀecting matching solutions for
relative-disparities between supra-threshold stimuli.
There are prior studies of the inﬂuence of time delays be-
tween sequentially presented test and comparison stim-
uli on stereo-threshold such as in sequential stereopsis
(Engel, 1970; Enright, 1991; Foley, 1976; Haber &
Standing, 1969; Kumar & Glaser, 1994; Westheimer,
1979). They showed that stereo thresholds continue to
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stimuli increases up to 250ms and more slowly thereaf-
ter (Enright, 1991; Foley, 1976). The elevation of stereo
threshold with increasing temporal delay has an expo-
nential time course with a time constant of approxi-
mately 42ms (estimated from Table 1 and Fig. 6 in
Kumar & Glaser, 1994). The time constant observed
in our study for spatial interactions inﬂuencing the
matching solution ranges from 31.8 to 67.4ms with an
average time constant of 48.9ms. The slightly longer
time constant in our study was measured with supra-
threshold stimuli at a larger spatial separation between
our test and ﬂanking targets (30 0) than the target separa-
tion used by Kumar and Glaser (15 0) (Kumar & Glaser,
1994). The similar time constants suggest that stereo-
threshold could be inﬂuenced by similar temporal fac-
tors. This time constant provides an opportunity for
the visual system to perform some sequential processing
in solving the correspondence problem Glennerster
(1996), such as in a coarse-to-ﬁne mechanism.
The temporal dependence of spatial interactions may
have its roots at a monocular level. Monocular inputs to
disparity selective neurons could undergo a process of
temporal integration. It is well established that one of
the earliest functions of the visual system is the temporal
integration of visual information (Fredericksen & Hess,
1998; Watson, 1986). This integration limits the tempo-
ral resolution of the visual system, and generates persist-
ence for a particular interval of time. We expect that
such a mechanism would also produce persistence at a
binocular level, and that stereo-matching is performed
on a binocular ‘‘neural’’ image derived from temporally
integrated monocular inputs.
The persistence of the neural representation of visual
stimuli would be a limiting factor in both the computa-
tion of absolute-disparity from monocular inputs with
interocular delays, such as demonstrated by the Pulfrich
eﬀect (Cumming & Read, 2004) and the computation of
relative disparity from binocular stimuli presented
sequentially with a temporal delay (ISI). In our case,
temporal persistence of binocular images is thought to
result from the monocular IRF, which could provide
suﬃcient time for encoding relative-disparities between
asynchronous inducer and test stimuli, and allow the
spatial interactions to reﬁne the binocular matching
solution.
In Experiment II, we found evidence that the impulse
response function is implicated in the persistence of the
binocular response. The impulse response function for
the low contrast stimulus is broader than for the high
contrast stimulus. With a small ISI, the IRFs of sequen-
tially presented stimuli would have more temporal over-
lap for the low contrast condition than for the high
contrast condition. With a suﬃciently large ISI, the tem-
poral delay exceeds the width of IRF, there is no overlap
between the test IRF and the ﬂank IRF. Under theseconditions the PSE would not be aﬀected by the contrast
of the stimuli. These predictions are supported by our
observations of a smaller PSE for low contrast than high
contrast at 0ms ISI and similar PSEs for both contrast
at 133.3ms ISI.
The inﬂuence of contrast on the matching solution is
counterintuitive if you consider signal strength rather
than signal duration. Cooperative stereo-matching algo-
rithms solve for the minimum-relative-disparity match
with facilitation between like disparities and inhibition
between unlike disparities (Nelson, 1975) that are repre-
sented in primary visual cortex (Cumming & Parker,
1999, 2000). The strength of inhibitory interactions
would be expected to increase with contrast, based on
studies of contrast masking (Levi, Klein, & Hariharan,
2002), and increasing contrast might then increase the
likelihood of a minimum-relative-disparity match. How-
ever we ﬁnd that lowering contrast has this eﬀect. This
result is consistent with increasing signal duration by
broadening the IRF at low contrast levels to increase
the temporal overlap of sequentially presented binocular
targets.
The minimum-relative-disparity solution has been re-
ferred to as the smoothness constraint (Marr & Poggio,
1979). The smoothness constraint was proposed as one
of the principle constraints for solving the correspond-
ence problem. It has been modeled by a computational
cooperative algorithm for stereopsis utilizing mutual
interactions between disparity detectors (Marr & Pog-
gio, 1979; Pollard et al., 1985). This algorithm ﬁrst rep-
resents all possible disparity matches by binocular cells
and then determines a ﬁnal match based on mutual
interactions between their outputs that consist of inhibi-
tion between neurons tuned to unlike disparity and exci-
tation between neurons tuned to similar disparities
(Nelson, 1975). The smoothness constraint is an out-
come of this cooperative interaction (Julesz, 1964). This
sequence is consistent with the physiological studies of
Cumming and Parker who have shown that area V1 rep-
resents all of the possible matching solutions of an
ambiguous stimulus (Cumming & Parker, 1999, 2000),
and a relative depth solution occurs at later stages such
as V2 (Thomas, Cumming, & Parker, 2002). Persistence
of monocular images or the binocular representation in
area V1 could account for the temporal limits that we
observe for spatial interactions between disparity stimuli
in solving the correspondence problem.
Our results clearly illustrate that spatial interactions
occur between sequentially presented stereo-stimuli with
inter-stimulus delays whose time constants average
48.9ms. The spatial interactions have temporal limits
similar to the persistence of responses to monocular
and binocular stimuli, as assessed by stereoacuity meas-
ured with inter-stimulus delays between test and com-
parison targets (Ross & Hogben, 1974). Our results
suggest that the underlying mechanism of this temporal
3192 Z.-L. Zhang et al. / Vision Research 44 (2004) 3183–3192interaction is a product of the temporal impulse re-
sponse function at a monocular level that results in per-
sistence of binocular images.Acknowledgment
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